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INNOVATIVE TECHNIQUES FOR STUDYING NEW MATERIALS
AND NEW DEVELOPMENTS IN SOLID STATE PHYSICS

This annual summary report presents the accomplishments for ONR grant N00014-92-J-
1186, “Innovative Acoustic Techniques for Studying New Materials and New Developments
in Solid State Physics”. Accomplishments include the publications of two papers in the
prestigious journal Phys. Rev. Lett. and an article in Physics Today. Some numerical
problems with the data analysis in Resonant Ultrasound Spectroscopy (RUS) were finally
resolved. Initial data in the fracture experiment led to a significant improvement in the
test facility, and preliminary data in the liquid coalescence experiment seems to be very
promising.

Papers, Talks, etc.

Progress with respect to papers, etc. includes the publication of two papers in the pres-
tigious journal Phys. Rev. Lett. (presented in the appendix), and an invited publication
in the magazine Physics Today. One Phys. Rev. Lett. presents the first evidence of the
elastic isotropy of quasicrystals, and is a landmark in our research with resonant ultra-
sound spectroscopy (RUS). The second Phys. Rev. Lett. presents the first experimental
observation of the theoretically predicted behavior for nonlinear pulses in disordered me-
dia, and is a part of our ongoing research on Anderson localization. The publication in
Physics Today is a review of the emerging technology of RUS. [Precise references for the
published papers are provided in the appendix.]

Two papers have been submitted for inclusion in the Proceedings of the XXI Conference
on Low Temperature Physics; these papers undergo peer review, and if accepted, will be
published in Physica. A review of wave propagation in periodic, random, and quasicrys-
talline media, with a tutorial on Anderson localization, has undergone major revision and
will be submitted to the J. Acoust. Soc. Am. Three contributed papers were presented
at meetings, and three invited lectures were given. The Ph.D. dissertation of Wei-1i Lin,
“Resonant Photoacoustics”, was successfully defended; Lin has taken a position with Shure
Microphone in Minneapolis, MN.

During the past year the total research group has consisted of four graduate students
(some with only partial ONR support) and two postdocs; a number of outstanding under-
graduates have made significant contributions to our research. A list of the publications,
personnel, etc. is presented in the appendix.

In the sections which follow, a brief summary of the research accomplishments will be
presented.

Measuring the Isotropy of a Quasicrystal with Resonant Ultrasound Spec-
troscopy

One of the fascinating properties of quasicrystals is that, unlike conventional crystals, qua-




sicrystals are elastically isotropic. For conventional crystals with high symmetries (e.g.
cubic crystals), many physical properties are isotropic, but the property of linear elasticity
is fundamentally anisotropic. Thus it is interesting that icosahedral quasicrystals, hav-
ing long-range order like conventional crystals, must be isotropic in sound propagation.
Measuring these properties experimentally has been challenging, because while conven-
tional crystals are fundamentally anisotropic, their elastic constants may be numerically
very close to those of an isotropic material, so that it is difficult to distinguish between
intrinsically isotropic and anisotropic behavior in a measurement. In our research we used
resonant ultrasound spectroscopy to obtain high precision measurements of the elastic con-
stants of both the quasicrystalline and periodic approximant phases of AlICuLi and found,
with a significant level of confidence, that the quasicrystalline phase is isotropic (differing
from the most nearly isotropic conventional crystal by ten standard deviations), while the
periodic approximant is not. This measurement provides an important landmark for the
RUS technology, because it represents a measurement for which conventional ultrasonic
methods failed; RUS was necessary in order to determine all of the elastic constants self-
consistently (without having to remount transducers) and with high precision. Details of
this research are presented in the publication listed in the appendix.

In order to obtain the best precision, it was necessary to account for the deviation of the
sample from an exactly rectangular parallelepiped. While this could be done with the stan-
dard formulation of RUS analysis, it was found that numerical problems appeared. Some
problems were solved with subtle program repairs, but others were of a more fundamental
nature. Graduate student Phil Spoor reported on these aspects of RUS in an invited talk
at the May 1996 meeting of the Acoustical Society of America, and they will form a part
of his Ph.D. dissertation, which is now being written.

Acoustic Studies of Brittle Foam Fracture as a Model for Current Theories in
Statistical Physics

The objective of our research project in fracture is to improve models which predict fracture
in brittle materials with random bond strength distributions, such as concrete, ceramics,
etc. Recently, theorists from condensed matter physics have been developing analogies
between fracture and contemporary physics problems involving directed polymer growth
in a random medium, viscous fingering, diffusion limited aggregation, self-organized crit-
icality, etc. In the theory, the brittle material is modeled as a network of bonds which
are distributed randomly in the network with some probability distribution. Fracture is
simulated by applying a stress or strain at the boundaries of the bond network; at some
value of the boundary load, one of the internal bonds will break, increasing the load on
the remaining bonds, and the process continues, ending in a catastrophic avalanche when
the sample breaks in two.

In order to provide a test of the theories, it is necessary to have a measurement which
can detect individual bonds breaking during the catastrophic avalanche. For the usual -
materials used in the study of fracture (glasses, resins, etc.), it would be impossible to
detect individual atomic bonds breaking. However, it would be possible in a macroscopic




model of a brittle solid. For this purpose’ we have been studying an open cell carbon
foam material consisting of a network of struts with lengths on the order of 1-2 mm. The
struts play the role of the random bonds in the statistical physics models. When this
material is placed in water, the water completely permeates the sample, and sound from
a breaking interior strut easily propagates through the water in the open sample to a
transducer outside the sample. With this system, we are able to measure, as a function of
time and applied stress, precursors and their distributions in amplitude, space, and time,
the statistics of the individual bond breaking events during the cascade at the catastrophic
fracture, the fractal nature of the fracture surface, etc.

After fabricating a major facility for the fracture studies, including a large water tank,
transducer arrays, data acquisition, etc., a considerable amount of data was taken for
samples ranging in size from 3 cm to 10 cm in diameter. These data were analyzed, and the
results were very promising, exceeding our expectations in regard to the spatial localization
of the breaking bonds. While it was hoped that bond breaking events could be localized
by triangularization with several transducers, it was anticipated that multiple scattering of
the sound by the disordered strut network would limit the spatial analysis. However, it was
found that by performing a wavelet analysis of the received signals, a characteristic high
frequency component was found to propagate through the water with negligible scattering
by the strut network, and a distinct arrival time could be used to accurately locate the bond
breaking event. Furthermore, while the analysis was readily accomplished for precursors,
it also worked for the final catastrophe, permitting a visualization of the propagation path
of the crack front. Finally, the wavelet analysis also revealed that precursors consisted not
only of single bonds breaking, but also several correlated bond breaking events.

The initial data showed that the amplitude of the received signals decreased significantly
with the distance from the source to the transducers, and this indicated that more trans-
ducers surrounding the sample were necessary. Increasing the number of transducers from
three to six would significantly enhance the chance that a transducer would be relatively
near the source. While obtaining and mounting more transducers was not a problem,
obtaining more preamplifiers and analog-to-digital (A/D) channels would have been ex-
pensive. Originally a commercial 50 MHz, low noise preamplifier, with a gain of 100, was
used, but this unit cost $1500. We found that comparable preamplifiers (with gains of
10) were recently available as integrated circuits, costing less than $10. These integrated
circuits and special printed circuit boards were purchased and assembled in pairs (for a
gain of 100) to produce six 50 MHz, low noise preamps, comparable to the commercial
unit, for minimal cost. For the additional A/D converters, an old four channel 1 MHz
digitizer was re-commissioned; some effort was required to interface the old digitizer with
the computer, but this was eventually accomplished. The fracture facility now has ten
A/D channels available, with eight in use: two at different gain settings (to increase the
dynamic range, avoiding saturation by large signals) for one transducer for amplitude and
frequency analysis, five for five transducers for precursor and final avalanche amplitude

and spatial analysis, and one which monitors the stress applied to the sample.

In addition to the data recorded by stressing the open cell samples, data were also taken by




manually breaking individual bonds inside a sample. The force required to break a bond
was recorded along with the acoustic signal generated, and this premitted an absolute
determination of the bond strength distribution for typical open cell samples. The acoustic
signals recorded for the manually broken bonds provided a calibration for the analysis used
in locating the position of bond breaking events, as mentioned earlier.

Studies of Liquid Coalescence

The underwater noise of rain, involving liquid coalescence, is important for environmental
and military as well as scientific reasons. Significant theoretical and experimental studies
have been done with water, and it would be of interest to extend measurements to a
different fluid such as liquid helium. Helium has some interesting features in that the fluid
and surface parameters may be varied over a wide range, and the liquid-vapor interface
is particularly clean and well documented. We have completed preliminary measurements
using a simple system, and have obtained some exciting results which show that changing
fluid parameters by changing the temperature of liquid produces significant changes in the
acoustic signals produced by liquid droplet impact. Some background for this research is
presented below. '

Pumphrey, Crum et. al.[1] studied the impact of water droplets on a water surface by
using acoustic techniques and high-speed imaging. They showed that only a small range of
raindrops (about 0.8 - 1.1 mm in size) forms entrained bubbles in water. The oscillations
of these entrained bubbles contribute to the major acoustic power of the underwater noise.
The numerical study by Oguz and Prosperetti[2] showed that for small drops, the drop
crater is not deep enough to “pinch” an air bubble, while for higher energy drops, the
inward lateral velocity is not sufficient to close the cavity before the bottom jet shoots out
of it to prevent the bubble formation. They gave an empirical formula for the boundaries
of the entrainment region, which depends on the water droplet size and its impact velocity
and other physical properties of water. A severe difficulty in experimental studies of
instabilities lies in eliminating or determining the effects of impurities or defects on the
onset of the instability. An important feature of our experiments using liquid helium is
that the fluids and the interfaces are more impurity-free than for any other system.

The preliminary experiment was done in an available commercial cryostat system (capable
of 0.3 K operation) with optical access. In order to maintain a quiet liquid-vapor interface,
the whole system is mounted on a vibration isolation table. The experimental cell, with
superleak-tight quartz windows, contains two needles of 200 ym and 400 pum attached to
the top of the cell, and these are used to generate liquid drops.

During the experiments, bulk helium fills the lower half of the cell. Droplets are formed
by slightly cooling the top of the cell, so that vapor condenses on the ceiling, and a liquid
film runs down the needle, grows into a droplet at the tip, and finally falls off. The impact
of the droplet onto the surface of the bulk liquid is detected by an acoustic transducer just .
below the liquid surface. We used a conventional electret transducer with a high sensitivity,
but with a bandwidth limited to approximately 30 kHz.




Signals from impacting droplets were obtained during our preliminary runs. The diameters
of the droplets are about twice the size of the needles. The estimated impact velocities
of the droplets are about 25 to 45 cm/s. A low noise preamplifier was used to boost the
signal, and 100 sample averages were used during the data collection. In Figs. 1 and 2,
traces of acoustic signals from the impact of a 400 pm diameter droplet formed from the
200 xm needle at two different temperatures are shown. The temperature is 4.2K for Fig.
1, and about 3.1K for Fig. 2.
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Fig. 1. Acoustic signal generated by the impact of a 400 ym helium droplet at 4.2K.
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Fig. 2. Acoustic signal generated by the impact of a 400 ym helium droplet at 3.1K.

The oscillatory nature of the trace resembles those acoustic signals generated from en-
trapped bubbles in the water droplet experiments[1]. However, sizes of the droplets in
our experiment are much smaller. Furthermore, the acoustic signals from liquid helium
droplets are very temperature dependent. The lower the temperature, the stronger the
signal, and the shape of the signal changes significantly. The signal amplitude (before the
preamplifier) is about 30 #V at 4.2K and about 150 pV at 3.1K. The frequency of the
oscillations also shows strong temperature dependence: about 4 KHz at 4.2K and about 2
KHz at 3.1K. -




From the numerical calculation by Oguz and Prosperetti[2], the boundaries of the bubble
entrainment region satisfy an empirical formula

We = kFr® (1)

where We = pV?2a/o is the Weber number, and Fr = V?2/ga is the Froude number. Here
V is the impact velocity, o the surface tension, g the gravitational constant, a the diameter
of the droplet. The constants k and o are 20.3 and 0.247 for the upper boundary and 18.2
and 0.179 for the lower boundary. Using the constants for liquid helium at 4.2 K, we obtain
the range of velocities for a 400 pm droplet to form entrapped bubbles is between 43 to 56
cm/s. This is compared favorably with the estimates of 25 to 45 cm/s in our experiment.

The research was interrupted because the research cryostat developed a leak and had to
be returned to the factory for repair. At the present time the cryostat is re-installed, and
experiments are underway again.

Current and Other Funding
Other research grants include:

1. NSF Division of Materials Research, Condensed Matter Physics Program, DMR 93-
06791, which includes 1 man-month of the principal investigators time.

2. ONR, Physics Division, September 15, 1993 to September 14, 1996, 180,000/3 yr,
“Anisotropic heat exchanger/stack configurations for thermoacoustic heat engines”; in-
cludes 1 man-month of time for the principle investigator, distributed over 12 months.
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